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Fucosea b s t r a c t
Fucose gained signiﬁcant interest in the medical ﬁeld since a large number of studies have been reported
on the role of fucose – as tumor marker. Electrochemical enantioselective sensors based on monocrystal-
line diamond paste and carbon paste working on stochastic and potentiometric modes were proposed for
the enantioanalysis of fucose in biological ﬂuids. Porphyrins and polymeric surfactants were used as
modiﬁers for the diamond and carbon pastes in the design of sensors. Stochastic sensors were able to
determine simultaneously L- and D-fucose in whole blood samples (qualitative and quantitative), and
potentiometric sensors were used for quantitative determination of fucose in the biological ﬂuids. The
main advantages of the utilization of the proposed sensors were: real time enantioanalysis of fucose,
no sample preparation for the biological ﬂuid, and high reliability of the determinations.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
L-Fucose (L-6-deoxygalactoses monosaccharide) (Fig. 1), an
important monosaccharide found in both prokaryotes and eukary-
otes, is a sugar component of bacterial lipopolysaccharides [1], one
of the most commonly occurring sugars in mammalian oligosac-
charides, and one of the most hydrophobic residues existing in
L-conformation in contrast to the rest of the sugars [2]. D-fucose
(D-6-deoxygalactoses monosaccharide) (Fig. 1) is found in simple
glycosides comprising only a few sugar units, limited to plant
products, microbial and antibiotic substances [3]. L-fucose concen-
tration increased in patients with diabetes [4] and also in patients
with liver cancer, as a result of the increased activity of fucosidase
[5]. Urinary L-fucose is also excreted as free L-fucose and is clini-
cally useful as a marker of digestive organ cancer [6]. Therefore,
clinically, levels of free L-fucose in serum and urine, can be used
as marker for tumor malignancy [7].
Different analytical methods have been used for the assay of
L- and D-fucose including enzymatic assay [8–9], high performanceliquid chromatography [10–11], gas chromatography [12] and
amperometric sensors [13] and biosensors [14].
In the past years diamond became a promising candidate for
electrodes design, due to its chemical properties such as chemical
inertness and chemical stability [15–17]. These electrodes opened
new opportunities for assay of molecules of biological importance
especially when used as stochastic microsensors. Potentiometric
sensors based on modiﬁed carbon paste can be reliable used for
clinical analysis [16]. Stochastic sensors can use the signature of
the enantiomer in order to determine its presence in the biological
ﬂuid, and can also determine its quantity in biological ﬂuid
while potentiometric sensors can be used for quantiﬁcation of
the enantiomers in the biological ﬂuid, doubling the measurement
performed with the stochastic sensor [18].
In this paper, we proposed different stochastic and potentio-
metric microsensors based on carbon (a matrix used for more than
20 years for enantioselective, potentiometric sensors design
[19–21]) and/or diamond paste modiﬁed with porphyrins: Zn-
5,10,15,20 tetra (4-sulfophenyl) porphyrin (ZnTSPP); 5,10,15,20-
tetra(4-sulfophenyl)porphyrin (TSPP) and polymeric surfactants:
SUV (Polysodium N-Undecanoyl-L-vanilate); SULV(Polysodium N-
Undecanoyl-L-leucylvanilate) for the enantioanalysis of fucose in
biological samples.
Fig. 1. Structures of fucose (a) L-fucose and (b) D-fucose.
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2.1. Reagents and materials
L- and D-fucose, glucose, carcinoembryonic antigen, gastrointes-
tinal tumor antigen (CA19-9), graphite powder, monocrystalline
diamond powder (1 lm, synthetic), were purchased from Sigma–
Aldrich. Zn-5,10,15,20 tetra (4-sulfophenyl) porphyrin (ZnTSPP)
and 5,10,15,20-tetra(4-sulfophenyl)porphyrin (TSPP) were synthe-
sized by dr. Rodica Ion’s team from National Institute for Research
& Development in Chemistry and Petrochemistry. Polymeric sur-
factants such as SUV (polysodium N-undecanoyl-L-vanilate) and
SULV (polysodium N-undecanoyl-L-lencylvanilate) were supplied
by Aldrich. Parafﬁn oil was supplied by Fluka. Deionized water
obtained from a Millipore Direct-Q 3 System (Molsheim, France)
was used for the preparation of all solutions. All solutions were
buffered with Titrisol (a citrate/hydrochloric acid) buffer solution
pH = 7.01 supplied by Merck.
Standard solutions of 1  102 mol/L of L- and D-fucose, were
prepared by dissolving the stoichiometric amount of L- and
D-fucose in deionized water, and buffering it with Titrisol buffer
(buffer solution: deionized water = 1:1 (m/m)). The L- and D-fucose
solutions were prepared from standard L- and D-fucose solutions
(102 mol/L), respectively, by serial dilution method. All solutions
were fresh prepared before measurements. The working pH was
calculated accordingly with the pKa value of fucose (pKa = 11.3,
for a concentration of 103 mol/L fucose), to be 7.1, so that L-fucose
and D-fucose will be on an ionic state in the solution.
2.2. Apparatus
A PGSTAT 12 potentiostat/galvanostat (Eco Chemie, Utrecht,
The Netherlands), software version 4.9 and multiplexer system
were used for all potentiometric and stochastic measurements. A
Ag/AgCl reference electrode, double junction, SGJ, Metrohm, served
as reference electrode in the cell.
A multiparameter CyberScan PCD 6500 Eutech Instruments was
used for pH measurements.
3. Microsensors design
Soluble porphyrins like ZnTSPP, TSPP, and polymeric surfactants
such as SUV and SULV were used as electroactive materials in the
design of the microsensors. The matrices selected were carbon
paste and diamond paste, due to their proved high reliability when
used in the design of the electrochemical sensors [16].
3.1. Carbon paste based microsensors
Parafﬁn oil and graphite powder were mixed in a ratio 1:4 (w/
w), followed by the addition of the electroactive material solution
(103 mol/L in water). 100lL from each electroactive materialsolution were added to 200 mg carbon paste. The modiﬁed paste
was placed into a plastic tube. The diameter of the active surface
of the microsensors was 300 lm. Electric contact was obtained
by inserting a Ag/AgCl wire. The surface of the microsensor was
polished with alumina paper (polishing strips 30144-001, Orion)
before using. When not in use, all microsensors were stored in a
dry state at room temperature. The oil added to the graphite pow-
der prevented the leaching of porphyrins in the solution.
3.2. Diamond paste based microsensors
A modiﬁed diamond paste was prepared as follows: 400 mg of
synthetic monocrystalline diamond powder was mixed with
30 lL parafﬁn oil to form a diamond paste. 100 lL from the solu-
tion of electroactive material, was added to the diamond paste.
The modiﬁed paste was placed into a plastic tube. The diameter
of the active surface of the microsensors was 300 lm. Electric con-
tact was obtained by inserting a Ag/AgCl wire into the diamond
paste. The surface of the microsensor was polished with alumina
paper (polishing strips 30144-001, Orion) before using. When not
in use, all sensors were stored in a dry state at room temperature.
The analysis of the surfaces of the electrochemical (stochastic
and potentiometric) microsensors was performed using atomic
force microscopy (AFM). The mode used for the investigation of
topography of surfaces was tapping mode in a range of scan
lengths from 50 to 1 lm. The measurements were performed using
an Agilent 5500 SPM system, described by PicoSPM controlled by a
MAC Mode module and interfaced with a PicoScan controller from
Agilent Technologies, Tempe, AZ, USA (formally Molecular Imag-
ing). A multipurpose large scanner and Point Probe Plus Silicon
SPM Sensor cantilevers (PPP-FM cantilevers), n+-silicon material
with no coating, of about 227 lm length, 1.8 N m1 spring con-
stants, with the tips oscillated near their resonant frequencies in
air, of about 64 kHz were used for all measurements. Scanning of
the surface was done at a rate of 0.8-1.2 lines per second, at room
temperature in the tapping mode.
3.3. Recommended procedures
3.3.1. Direct potentiometry
Direct potentiometry was used for the measurements of the
potential of each standard solution (1012–102 mol/L). The elec-
trodes were placed in standard solution and the potential was
recorded. Graphs of E(mV) versus (lg[C]) were plotted. The
unknown concentrations were determined from the calibration
graphs.
3.4. Stochastic measurements
The technique used for stochastic measurements was chrono-
amperometry at 125 mV vs Ag/AgCl. The stochastic microsensor
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The ton and toff were measured at the potential given before. 1/ton
was plotted against the concentration of the L- or D-fucose. The
concentrations of L- and D-fucose were obtained from the corre-
sponding calibration graphs.
3.5. Sample preparation
3.5.1. Whole blood samples
Whole blood samples were taken from selected patients and
used as taken. The apparatus cell was ﬁlled with the whole blood
sample and the potentiometric and/or stochastic measurements
were performed. The unknown concentration was determined
from the calibration graphs as described in the paragraphs related
to direct potentiometric and stochastic measurements.
4. Results and discussion
4.1. Characterization of the surface of microsensors
The topography of the surfaces shown the presence of the chan-
nels in the modiﬁed pastes (Table 1); this justiﬁed the stochastic
behavior of the sensor when a constant value of potential
(125 mV vs Ag/AgCl) was applied and the current value vs time
(s) was recorded (Fig. 2), because the stochastic sensing is condi-
tioned by the presence of such channels on the sensors active sur-
face. While the enantioselectivity of the potentiometric sensors it
is not inﬂuenced by the topography of the active surface of the sen-
sors, the behavior of the stochastic sensors is highly inﬂuenced by
the size and geometry of the channels formed at the active surface
of the sensor. Table 1 shown that the active surfaces of the sensors
presented channels with different sizes and geometries, this
explaining their enantioselectivity.Table 1
AFM topographical images of modiﬁed diamond and carbon pastes used in microsensors’
Material AFM Topographical Images
TSPP/DP
ZnTSPP/DP
SULV/DP
SUV/DP4.2. Response characteristics of stochastic and potentiometric
microsensors
4.2.1. Stochastic sensors
The response characteristics of stochastic microsensors were
determined at a potential of 125 mV vs Ag/AgCl and are shown
in Table 2. The quality of the enantiomer is given by the values
of toff (deﬁned as the time for which the channel is losing the con-
ductivity, and the intensity of current value is 0), while using ton
(the time measured between two toff events) one can determine
the equation of calibration, sensitivity (slope of the electrode), lin-
ear concentration range. The signatures of L- and D-fucose are given
by the values of toff recorded for each microsensor used for enan-
tioanalysis, and it is not changing with the matrix from where
the enantiomer is assayed. Because each analyte has its own signa-
ture in this type of experiment, the only substances that may inter-
fere are those with similar sizes, geometries, and velocities of
passing through the channel.
The highest sensitivity and the lowest limit of quantiﬁcation
were recorded for the stochastic microsensor based on SULV and
diamond paste for the assay of L-fucose, and for the stochastic
microsensor based on SULV and diamond paste for the assay of
D-fucose. L-fucose can be determined in the concentration range
1010–102 mol/L, while D-fucose can be determined in the con-
centration range 109–103 mol/L. For ﬁve stochastic microsen-
sors: ZnTSPP/DP, ZnTSPP/CP, SUV/DP, SUV/CP, SULV/DP responses
were recorded for both enantiomers of fucose, each enantiomer
presenting a different signature (toff value) with one exception –
the microsensor based on SULV/DP for which the signature of both
enantiomers (values of toff (3.9s)) were the same, proving that this
microsensor is not enantioselective. There were also stochastic
microsensors with recorded responses for only one of the enantio-
mers: TSPP/CP and SULV/CP based stochastic microsensorsdesign.
Material AFM Topographical Images
TSPP/CP
ZnTSPP/CP
SULV/CP
SUV/CP
(a)
Fig. 2. Diagrams recorded for stochastic microsensors when used for the assay of L- (2.a) and D- (2b) enantiomers of fucose in whole blood.
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responded only for the assay of D-fucose.4.3. Potentiometric microsensors
Microsensors based on ZnTSPP, TSPP, SULV, or SUV and carbon
paste were tested using direct potentiometry for the enantioanal-
ysis of L- and D-fucose. Table 3 shows the response characteristics
obtained for these potentiometric sensors. Only the TSPP/CP based
microsensor was obtained a near-Nernstian response for the enan-
tioanalysis of L-fucose in concentation range 106–104 mol/L and
only the SULV/CP based microsensor was given a near-Nernstian
response for the enantioanalysis of D-fucose in concentation range
108–106 mol/L. The limits of detection for both microsensors(calculated accordingly with IUPAC regulations [22]) were
of 1010 mol/L magnitude order. For the other potentiometric mic-
rosensors there were not recorded responses for the analysis and
enantioanalysis of fucose.
The response time for both potentiometric microsensors was 1
minute.
For both stochastic and potentiometric modes, the microsen-
sors could have been used reliable for more than 6 months, when
the slopes of the microsensors varied with less the 1%.4.4. Selectivity studies
The following substances were considered for selectivity
studies: glucose, and carcinoembryonic antigen and CA19-9
(b)
Fig. 2 (continued)
Table 2
Response characteristics of stochastic microsensors.
STOC-SENS based on Signature of the enantiomer (s) toff Sensitivity (L s/mol/L) Linear concentration range (mol/L) Limit of quantiﬁcation (mol/L)
L-fucose
TSPP/CP 1.9 3.05  107 108–105 108
ZnTSPP/CP 2.9 3.06  107 108–105 108
ZnTSPP/DP 2.9 3.37  107 108–105 108
SUV/CP 1.9 4.4  1010 1010–107 1010
SUV/DP 1.9 8.91  107 104–102 104
SULV/CP 1.9 6.77  107 106–104 106
SULV/DP 3.9 2.87  1010 1010–108 1010
D-fucose
TSPP/DP 2.9 1.24  108 109–106 109
ZnTSPP/CP 1.9 4.07  107 108–105 108
ZnTSPP/DP 3.9 1.19  107 107–105 107
SUV/CP 2.1 4.34  108 109–105 109
SUV/DP 4.7 7.33  106 105–103 105
SULV/DP 3.9 1.78  109 109–107 109
Table 3
Response characteristics of potentiometric microsensors.
Enantioselective, potentiometric microsensor based on E(mV) Slope (mV/decade of conc.) Working conc. range. (mol/L) Limit of detection (mol/L)
L-fucose
TSPP&CP 232 56.31 106–104 6.74  1010
D-fucose
SULV&CP 623 58.0 108–106 1  1010
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ated carcinoembryonic antigen (CEA, or CEACAM5) or gastrointes-
tinal antigen are ‘‘decorated’’ with multiple copies of fucose [23].
The selectivity of the proposed sensors was checked using the
mixed solutions method – accordingly with the procedure pro-
posed for the electrochemical sensors in the IUPAC book [22].
The concentrations of interfering species and L- or D-fucose were
in a ratio of 10:1 (mol/mol, U/mol).
For the stochastic mode higher values for toff (signature of the
analytes) were recorded for all: glucose, carcinoembryonic antigen
and CA19-9 when compare with the values obtained for L- or
D-fucose measurements. Accordingly, they do not interfere in the
determination of L- and D-fucose.
For the potentiometric mode, the values recorded for the poten-
tiometric selectivity coefﬁcients, calculated accordingly with the
formulas proposed by IUPAC [19], were far lower than 103 for
all species (glucose, carcinoembryonic antigen and CA19-9) when
the two potentiometric microsensors enantioselective for L- or
D-fucose were used.5. Analytical applications
A multiplexer system connected to the PGSTAT was used for the
assay of L- and D-fucose in whole blood samples. The stochastic and
potentiometric microsensors were connected, and sequentially,
the samples were ﬁrst analyzed using the stochastic microsensors
to determine which enantiomers is present in the biological ﬂuid
and in which quantity, and after that the potentiometric microsen-
sors to double the quantitative analysis. Fig. 2 shows examples of
diagrams obtained using the stochastic microsensors for the assay
of L- and D-fucose in whole blood.
The shape of the response of the sensors is based on channel
conductivity: the current ﬂowing through a channel under an
applied potential is altered when the enantiomers of fucose are
binding within the channel wall. There are two stages recorded:
stage 1 on which the enantiomer of fucose extracted from the solu-
tion into the membrane-solution interface is blocking the channel,
the intensity of the current recorded being 0 for a certain period of
time named signature of the analyte which is measured using toff;
the channel is losing the conductivity. The value of toff was used for
the qualitative assay of the enantiomer of fucose; accordingly one
was checking if in the diagram one ﬁnd values of toff (see Table 2)Table 4
Recovery of L- and D-fucose in whole blood sample.
Stochastic sensors based on Whole blood samples
Quantitative analysis %Recovery
TSPP/CP L-fucose 95.38±0.23
ZnTSPP/CP 92.87±0.12
ZnTSPP/DP 96.05±0.09
SUV/CP 93.13±0.15
SUV/DP 92.56±0.20
SULV/CP 99.68±0.34
SULV/DP 98.30±0.08
TSPP/DP D-fucose 93.62±0.10
ZnTSPP/CP 92.30±0.27
ZnTSPP/DP 95.65±0.17
SUV/CP 95.67±0.22
SUV/DP 99.98±0.19
SULV/DP 96.53±0.13
Potentiometric sensors based on Whole blood samples
%Recovery, L-fucose
TSPP/CP 95.38±1.23
Whole blood samples
%Recovery, D-fucose
SULV/CP 89.88±1.78
⁄N = 10.for L- or D-fucose – based on these values was done the qualitative
analysis of L- and D-fucose. When the enantiomer of fucose was
interacting with the wall of the channel (Stage 2), the following
equilibrium equation was taking place:
ChðiÞ þ L=D fu cos eðiÞ () Ch  L=D fucoseðiÞ
where Ch is the channel, and i is the interface. The time of equilib-
rium for interaction with the channel process is deﬁned as ton, and
its value is read just after the value of toff, in between two consec-
utive toff, and is used for the quantitative assay of the enantiomers
of fucose. Therefore, stage 2 is known as bounding stage. Accord-
ingly, the qualitative analysis was performed based on the signature
of L- and D-fucose (toff) found by analysis of the diagrams obtained
for whole blood samples. The events speciﬁc to L- and D-fucose
are marked in the examples with a circle. The results from Table 4
shown a good agreement between the results obtained using sto-
chastic sensors and potentiometric sensors for the enantioanalysis
of fucose in whole blood and urine samples.
6. Conclusions
This paper described the design of stochastic and potentiometric
microsensors based on porphyrins and polymeric surfactants for
the enantioanalysis of fucose in biological ﬂuids such as whole
blood. Five stochastic microsensors: ZnTSPP/DP, ZnTSPP/CP, SUV/
DP, SUV/CP, SULV/DP exhibited responses for both enantiomers of
fucose, each enantiomer presenting a different signature (toff value)
with one exception – the microsensor based on SULV/DP for which
the signatures of both enantiomers (values of toff (3.9s)) were the
same, proving that this microsensor is not enantioselective. There
were also stochastic microsensors for which there were recorded
responses for only one of the enantiomers: TSPP/CP and SULV/CP
based stochastic microsensors exhibited responses for L-fucose,
while TSPP/DP based sensor exhibited responses for D-fucose. Only
two potentiometric microsensors had near-Nernstian responses
when used for the assay of L- and D-fucose: TSPP/CP based
microsensor for the enantioanalysis of L-fucose and SULV/CP based
microsensor for the enantioanalysis of D-fucose. The linear concen-
tration ranges on which the microsensors were working are suit-
able for direct enantioanalysis of fucose in biological ﬂuids such
as whole blood and urine with RSD less than 1%.
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